INTRODUCTION {#s1}
============

Idiopathic membranous nephropathy (MN) is the most common cause of idiopathic nephrotic syndrome in adult humans and 30--40% of patients with MN will ultimately progress into end-stage renal failure after 10--15 years \[[@R1]--[@R3]\]. MN is an immune-mediated glomerulonephritis characterized by deposition of immune complexes within the subepithelial space, which initiates serial responses including complement activation, inflammation, oxidative injury, and apoptosis, that are central to the pathogenesis of MN \[[@R4]--[@R6]\]. During the process of human MN, there is an increased production of tumor necrosis factor ɑ (TNF-ɑ) in the serum. MN causes increased expression of inflammatory mediators, especially proinflammatory cytokines such as, interleukin 1β (IL-1β), IL-6 and TNF-ɑ, which appear to be important in the MN process \[[@R4]--[@R6]\]. Although present immunosuppressive treatment of MN has improved outcomes, the current therapies are not always effective and satisfied due to adverse effects \[[@R7], [@R8]\]. Therefore, there is still debate about the most appropriate therapeutics for MN.

TNF-ɑ is a pleiotropic cytokine produced mainly by immune cells such as macrophages, dendritic cells, and T lymphocytes, and is implicated in immune regulation \[[@R9]--[@R12]\]. TNF may bind to two distinct transmembrane receptors, TNF receptor 1 (TNFR1; p55 or CD120a) or TNFR2 (p75 or CD120b), which are differentially expressed on cells and tissues where they exert diverse biological effects including cell death, survival, differentiation, proliferation, migration, and inflammation. TNFR1 appears to play a predominantly proinflammatory role, whereas TNFR2 may play an important role in disease immunoregulation \[[@R9]--[@R12]\]. Certain TNF-ɑ gene polymorphisms are associated with an elevated risk for the development of MN \[[@R13], [@R14]\]. The serum and urinary TNF-ɑ levels increase in MN patients, and urinary TNF-ɑ excretion correlates positively with proteinuria in MN patients \[[@R15], [@R16]\]. Taken together, these findings support the idea that TNF-ɑ may play an important role as a pathogenic mediator in MN. We reasoned that TNF-ɑ inhibition may be a potential therapeutic target for MN treatment.

Previous results of blocking TNF as an MN treatment are conflicting \[[@R17], [@R18]\]. Simultaneously or specifically blocking TNFR1 and TNFR2 may reveal the divergent functions of TNFR1 and TNFR2, which may be useful for developing a specific TNFR-directed therapeutic strategy \[[@R12], [@R19]--[@R22]\]. The preligand assembly domain (PLAD) is the overlapping region of cysteine-rich domains of the TNFR, which is necessary and sufficient for mediating the receptor response \[[@R23]--[@R25]\]. PLAD.Fc is a small fusion protein that may preferentially and specifically block TNFR1 signal transduction \[[@R23]--[@R25]\]. In this study, we treated MN mice by inhibiting TNF using etanercept blocking of TNFR1/TNFR2 or PLAD.Fc, a small fusion protein that can preferentially block TNFR1 signaling.

RESULTS {#s2}
=======

Effects of inhibition of TNF on proteinuria and renal histology {#s2_1}
---------------------------------------------------------------

The cBSA-induced MN mice exhibited typical heavy proteinuria. MN mice from the groups given etanercept or PLAD.Fc did not exhibit significant reduction in proteinuria. No proteinuria was noted in NC mice receiving etanercept or PLAD.Fc (Figure [1](#F1){ref-type="fig"}).

![Effects of TNF blockade on proteinuria in mice with experimental MN\
Urinary proteinuria of the normal control group (NC), membranous nephropathy group (MN), mice with membranous nephropathy receiving etanercept (MN-Eta) and mice with membranous nephropathy receiving preligand assembly domain fusion protein (MN-PLAD) were analyzed serially with urine strips. ^\*^*p* \< 0.05 versus the control group. ^\*\*^*p* \< 0.05 versus the MN group.](oncotarget-08-111631-g001){#F1}

H&E staining showed typical renal histopathology of diffuse thickening of the glomerular basement membrane in the cBSA-induced MN mice. MN-etanercept or PLAD.Fc mice exhibited a similar severity in pathology (Figure [2D--2F](#F2){ref-type="fig"}); by contrast, no significant changes were observed in NC mice that received etanercept or PLAD.Fc (Figure [2A--2C](#F2){ref-type="fig"}).

![Changes in renal histopathology in mice with experimental MN as shown by H&E staining\
Mice in the NC group **(A--C)** and MN group **(D--F)** were treated with PBS (A and D), etanercept (MN-Eta; B and E), or preligand assembly domain fusion protein (MN-PLAD; C and F) and the tissues were stained with H&E. All images are at 400× magnification.](oncotarget-08-111631-g002){#F2}

MN mice exhibited significant granular immunofluorescence staining for IgG, which showed as a discrete beaded appearance along the glomerular capillary wall. This pattern was similar in the MN- etanercept and MN-PLAD mice, which suggested that inhibition of TNF did not change the deposition of immune complexes (Figure [3A--3G](#F3){ref-type="fig"}). Immunofluorescence staining for C3 also showed a similar pattern as for IgG fluorescence in MN mice; inhibition of TNF did not attenuate this response (Figure [4A--4G](#F4){ref-type="fig"}). The histopathological and immunofluorescence features did not differ between the NC- etanercept, NC-PLAD, and NC mice.

![Changes in renal histopathology in mice with experimental MN shown by immunofluorescence staining for IgG\
Mice in the NC group **(A--C)** and MN group **(D--F)** were treated with PBS (A and D), etanercept (MN-Eta; B and E), or preligand assembly domain fusion protein (MN-PLAD; C and F), and quantitative data for immunofluorescence staining of IgG are shown in **(G)**.](oncotarget-08-111631-g003){#F3}

![Changes in renal histopathology of mice with experimental MN as shown by immunofluorescence staining for C3\
The NC group **(A--C)** and MN group **(D--F)** were treated with PBS (A and D), etanercept (MN-Eta; B and E), or preligand assembly domain fusion protein (MN-PLAD; C and F). Quantitative data for immunofluorescence staining of C3 are shown in **(G)**.](oncotarget-08-111631-g004){#F4}

Effect of inhibition of TNF on lymphocyte subsets {#s2_2}
-------------------------------------------------

Immune cells play important roles in pathogenesis of MN. We examined used flow cytometry to examine the effects of TNF inhibition on splenic lymphocytes. The lymphocyte subsets of CD4^+^ T cells, CD8^+^ T cells, and CD19^+^ B cells did not differ significantly between mice in the NC, MN, MN-etanercept, and MN-PLAD groups (Figure [5A--5C](#F5){ref-type="fig"}).

![Distribution of lymphocyte subsets in spleens from mice with experimental MN\
The percentages of immune cells including **(A)** CD4, **(B)** CD8, and **(C)** CD19 as assessed by flow cytometry did not change significantly in mice from the NC, MN, and MN groups treated with etanercept (Eta) or preligand assembly domain fusion protein (PLAD).](oncotarget-08-111631-g005){#F5}

Effects of inhibition of TNF on ROS production and apoptosis {#s2_3}
------------------------------------------------------------

Oxidative stress has been shown to play an important role in the development and progression of MN. We detected the production of superoxide anion radical in kidneys (Figure [6A--6G](#F6){ref-type="fig"}). The level of DHE fluorescence was low in NC mice and was significantly higher in MN mice; no attenuation of fluorescence was observed in MN mice treated with etanercept or MN-PLAD. These findings suggested that there are increased production of ROS in MN kidneys and that inhibition of TNF did not attenuate this effect.

![Superoxide anion production in kidney cells\
Fluorescence micrographs of DHE-positive cells in the kidneys of mice from the NC group **(A--C)** and MN group **(D--F)**, which were treated with PBS (A and D), etanercept (MN-Eta; B and E), or preligand assembly domain fusion protein (MN-PLAD; C and F) as shown by immunofluorescence staining for DHE. Quantitative data are shown in **(G)**. All images are at 400× magnification. ^\*^*p* \< 0.05 versus the control group. ^\*\*^*p* \< 0.05 versus the MN group.](oncotarget-08-111631-g006){#F6}

TNF is associated with apoptotic effects, and we also checked its effect on apoptosis in renal tissues of MN mice (data not shown). MN mice showed an increased number of apoptotic cells in the kidneys compared with NC mice, and inhibition of TNF treatment did not attenuate this effect. This finding suggested that the antiapoptotic effect of TNF inhibition does not have a therapeutic effect against MN.

Effects of inhibition of TNF on immune cell infiltration in kidney {#s2_4}
------------------------------------------------------------------

To investigate the effects of inhibition of TNF on immune cell infiltration in kidney in cBSA-induced MN, we used IHC to identify renal immune cells in mice from the NC group (A--C), and MN group (D--L) receiving PBS (D-F), etanercept (MN-Eat; G-I) and PLAD.Fc (MN-PLAD; J-L). Subgroups of immune cells including CD4^+^ T cells (Figure [7A, 7D, 7G, 7J](#F7){ref-type="fig"}), CD8^+^ T cells (Figure [7B, 7E, 7H, 7K](#F7){ref-type="fig"}), and F4/80 monocytes (Figure [7C, 7F, 7I, 7L](#F7){ref-type="fig"}) were analyzed. F4/80^+^ macrophages were the most abundant inflammatory cells found in glomeruli. By contrast, both the MN-Eta and MN-PLAD groups showed significantly less infiltration of immune cells.

![Immunohistochemistry for CD4, CD8, CD19, and F4/80 in kidneys\
Kidneys from mice in the NC group **(A--C)** and MN group **(D--L)**, which were treated with PBS (D-F), etanercept (MN-Eta; G-I), or preligand assembly domain fusion protein (MN-PLAD; J-L) were stained for anti-CD4 (A, D, G, J), anti-CD8 (B, E, H, K), and anti-F4/80 (C, F, I, L). Quantitative data are shown in **(M-O**). All images are at 400× magnification. ^\*^*p* \< 0.05 versus the control group.](oncotarget-08-111631-g007){#F7}

DISCUSSION {#s3}
==========

MN mice in groups receiving etanercept or PLAD.Fc did not exhibit significant reduction of proteinuria, amelioration of glomerular lesions, or attenuation of immune complex deposition. There were also no effects on the activation of complement, immune cell subsets, serum Ig level, superoxide level, or degree of apoptosis in kidney tissue. However, significantly less infiltration of immune cells was noted in MN mice receiving etanercept or PLAD.Fc. These results show that the therapeutic effects of blocking TNFR1 and/or TNFR2 signaling in experimental MN are not effective. The role of attenuated immune cell infiltration in the kidney has not been determined.

In our study, TNF blocking did not improve the clinical outcomes of MN, and the only effect was a decrease in immune cell infiltration in the kidney as shown histologically. The deposited immune complexes subsequently induce complement activation, and oxidative injury, are involved during MN disease progression \[[@R4]--[@R6]\]. Because immune complex deposition and activation of complement and ROS occur to the same extent, these may in part explain the similar glomerular damage and clinical picture in MN. TNF-ɑ exerts diverse biological effects and is implicated in the inflammatory cascade leading to renal injury \[[@R12], [@R19], [@R21]\]. High TNF-ɑ level has been reported in patients with MN, and the TNFA2 and TNFd2 alleles are strongly associated with the occurrence or initiation of MN \[[@R13], [@R15]\]. These findings support the idea that TNF-ɑ plays a pathogenic role in MN.

Experimental models of glomerulonephritis have shown that TNF-ɑ has contrasting proinflammatory and immunosuppressive roles in the kidney. It appears that TNFR1 plays a predominantly proinflammatory role, whereas TNFR2 plays an important role in disease immunoregulation \[[@R12], [@R22]\]. Inhibition of TNF-ɑ through the TNFR1 pathway by itself or combined with inhibition of TNFR2 signaling markedly decreases the recruitment of glomerular and tubulointerstitial infiltration of immune cells including T cells, B cells, and F4/80 macrophages \[[@R12], [@R22]\]. Proteinuria itself can induce immune cell infiltration in MN. The same degree of proteinuria observed in our study suggests that this phenomenon is proteinuria independent, but possibly TNF-ɑ associated. These infiltrates may be independent of glomerular immune complex deposition and/or the resulting peritubular hypoxia. Presumably periglomerular macrophages attracted by locally produced chemokines or activated by inflammatory mediators \[[@R12], [@R21], [@R22]\]. By contrast, TNF inhibition does not appear to alter the systemic response that regulates lymphocyte activation or to prevent the accumulation of renal lymphoid infiltrates. Our results suggest that TNF is a critical cytokine in the renal effector response to glomerular immune complex deposition.

TNF-ɑ is synthesized predominantly by infiltrating T cells and monocytes/macrophages. This cytokine can amplify the renal inflammatory response via increasing the expression of adhesion molecules and inducing the cells to release growth factors, other cytokines, and proinflammatory chemokines in an autocrine and paracrine manner \[[@R12], [@R21], [@R22]\]. Because both the infiltrating and intrinsic glomerular cells can synthesize TNF-ɑ, these cells are considered equally important for glomerular injury. Morevoer, TNF-ɑ can directly activate NADPH oxidase, which leads to the local generation of ROS via phosphodiesterase-dependent mechanisms.

Although TNF-ɑ has both immunosuppressive and proinflammatory properties, it is not simple to predict the effect of anti-TNF-ɑ treatment in MN \[[@R12], [@R21], [@R22]\]. In our study, etanercept treatment did not significantly alter the clinical and histological severity, although it reduced immune cell infiltration. Our results are consistent with those of a previous study \[[@R17]\] in which etanercept was used to inhibit TNF-ɑ in MN patients with nephrotic syndrome for 3 months but did not produce any significant clinical benefit. Previous studies suggest that specifically targeted therapeutics that focus on inhibiting individual TNFR1 or TNFR2, may help balance the proinflammatory and immunomodulatory functions of TNF in renal disease and thus represent potential therapeutics with a better clinical outcome \[[@R12], [@R21]\]. Therefore, we used purified recombinant PLAD.Fc, which is specific to the TNFR1, to effectively block TNFR1 signaling. There were no significant differences in outcomes of blocking TNFR1 or TNFR2 by etanercept and specifically blocking the TNFR1 by PLAD60.

Several factors differentiate MN from other clinical entities and might be involved in the absence of effects in the present trial. It is possible that a longer course of etanercept from an earlier stage of MN would have been clinically effective. The treatment used in our study was initiated very early at the start of MN and lasted the whole process of the disease, but was not effective in preventing the clinical signs of MN. These data do not support the role of TNF in MN and may indicate that the TNF may be a responder rather than a contributor to the MN process. By contrast, pentoxifylline treatment in a similar model significantly decreased proteinuria and caused a high rate of remission, as shown by decreased plasma and urinary TNF-ɑ levels \[[@R18]\]. Although pentoxifylline suppresses the endogenous production of TNF-ɑ by monocytes/macrophages, additional circumstantial data support a role of this drug in glomerular disease. The antiproteinuric effects of pentoxifylline might be attributed to its rheological actions, which increase the deformability of erythrocytes and reduce blood viscosity, and glomerular hydraulic pressure. On the other hand, pentoxifylline is an antagonist of adenosine, and may reduce hyperfiltration and proteinuria through blockade of adenosine receptors. Hence, the therapeutic effect of pentoxifylline for MN may be beyond that of TNF-ɑ.

A diversity of effects has been reported across various autoimmune diseases, which involve different pathogenic mechanisms and the involvement of organs and/or systems. Anti-TNF-ɑ treatments demonstrate great benefit in autoimmune diseases such as rheumatoid arthritis and Crohn's disease. There is currently no validated indication for anti-TNF-ɑ treatments in kidney diseases. Some studies have suggested benefits of anti-TNF-ɑ treatments to improve the extent of renal damage in antineutrophil cytoplasmic antibody-associated systemic vasculitis \[[@R26]\]. Some data suggest a potential benefit of infliximab to improve lupus nephropathy. TNF-ɑ antagonist treatment reduces albuminuria and prevents completely the development of crescents in the heterologous rat model of anti-GBM glomerulonephritis. Anti-TNF-ɑ treatments or TNF-deficient mice are partially protected against glomerular injury through lower renal infiltration of T cells and neutrophils in experimental models of glomerulonephritis \[[@R22], [@R26]\]. TNF-ɑ is believed to play a central role during the progression of diabetic nephropathy \[[@R21]\]. Experimental studies have shown the beneficial actions on the kidney attributed to TNF-ɑ inhibition; however, these are at present limited to pentoxifylline administration in patients with chronic kidney disease because of its significant beneficial effects.

A previous study showed that 3 months of therapy with etanercept was safe and well tolerated by MN patients \[[@R18]\]. Anti-TNF-ɑ treatments are generally safe in comparison with traditional immunosuppressive drugs. However, the potential side effects of anti-TNF-ɑ treatment should be considered, such as the elevated incidence of bacterial infections, activation of latent tuberculosis infection, and the increased incidence of lymphoma and solid tumors during anti-TNF-ɑ treatment. Anti-TNF treatment can also occasionally increase the risk for induction of autoimmune symptoms and is associated with the induction of antibodies to double-stranded DNA. Furthermore, some rheumatoid arthritis patients undergoing therapy with anti-TNF-ɑ agents develop new-onset glomerular disease caused by pauci-immune necrotizing and crescentic glomerulonephritis, membranous nephropathy, or IgA nephropathy \[[@R27]--[@R29]\]. The inefficiency and potentially harmful effects of anti-TNF-ɑ agents raise concerns about the use of this treatment in MN patients.

PLAD occurs in the region overlapping the first cysteine-rich domain of P60 and P80 TNFRs and Fas, which are sufficient for mediating specific ligand-independent receptor assembly and subsequent signaling \[[@R23]--[@R25]\]. Targeting PLAD with a soluble form of PLAD recombinant protein (PLAD.Fc) preferentially blocks the TNFR1 signal by interfering with its trimerization, and this may offer another approach for specifically treating TNFR1 signal-causing diseases \[[@R23]--[@R25]\]. Using the recombinant PLAD.Fc protein to block TNFR1 assembly, we previously showed that PLAD.Fc treatment significantly reduces the production of TNFR1-driving proinflammatory cytokines and protects from autoimmune diabetes in an experimental model using nonobese diabetic mice \[[@R30]\]. We also targeted PLAD of TNFR1 to interfere with receptor trimerization blocking downstream signaling and found that this protected against Th17-mediated colitis by boosting the Th2 response in BLIMP-1-knockout mice \[[@R31]\]. We used this strategy instead of using TNFR1/2-knockout mice because the induction of experimental cBSA-induced MN is not possible in mice with a B6 background.

Urinary TNF-ɑ excretion correlates with proteinuria in patients with MN and TNF-ɑ gene polymorphism is a risk factor for development of MN. One study demonstrated that the circulating level of the TNFR at the time of initial diagnosis may provide a biomarker for the prediction of renal progression in patients with MN \[[@R16]\]. Furthermore, elevated concentrations of circulating TNF-ɑ, TNFR1, and TNFR2 are associated with loss of renal function and may be predictors of the progression of diabetic nephropathy to stage 3 chronic kidney disease or end-stage renal disease. Hence, TNF may be more suitable as a biomarker than as a therapy in the treatment of MN.

The develop an ideal therapeutic agents effectively and specifically for MN treatment is an important issue to nephrologists. The therapeutic effects of anti-TNF have been demonstrated in many human inflammatory and autoimmune diseases such as rheumatoid arthritis; however, our results did not show therapeutic effects in MN. We assume that anti-TNF does not affect the key pathogenic responses such as the production of Igs and subsequent immune complex deposition, inflammation, complement activation, oxidative stress, and apoptosis. We conclude that anti-TNF may not be a suitable MN treatment.

MATERIALS AND METHODS {#s4}
=====================

Mice {#s4_1}
----

All experiments were conducted according to the National Institutes of Health Guidelines, and all animal experiments were approved by the Animal Care and Use Committee of the National Defense Medical Center, Taipei, Taiwan (IACUC-11-149).

Experimental design {#s4_2}
-------------------

The experimental MN model was induced as previously described \[[@R32]--[@R37]\]. The mice were randomly assigned to the experimental (MN) group or the control (NC) group. After immunized with cationic bovine serum albumin (cBSA) emulsified in complete Freund's adjuvant, the MN group further received cBSA (13 mg/kg) intravenously trice per week for 6 weeks, and the NC group received phosphate-buffered saline (PBS) instead as the same schedule. Both groups mice were then randomly assigned to three subgroups (*n* = 5 in each subgroup), each of which received one of three treatments: intravenous injection of TNFR preligand assembly domain fusion protein (PLAD.Fc, 5 mg/kg) twice a week; subcutaneous injection of etanercept (Eta, 0.8 mg/kg) once a week (MN-PLAD, MN-Eta, NC-PLAD, and NC-Eta, respectively); or saline (MN and NC, respectively) since the time of MN induction. Homogeneous cBSA, construction of the plasmid and purification of the recombinant PLAD.Fc fusion protein were prepared as previously described \[[@R32], [@R33], [@R36]--[@R39]\]. Disease severity was verified by clinical metabolic profiles and by histopathologies, as described below.

Serum and urine measurements {#s4_3}
----------------------------

Urine samples were obtained for proteinuria screening using Labstix (Bayer Corp., Pittsburgh, PA, USA). Samples were group into five grades based on urine protein concentrations: 0 = 0-30 mg/dL, 1+, 30--100 mg/dL; 2+, 100--300 mg/dL; 3+, 300--1000 mg/dL; 4+, ≥ 2000 mg/dL.

Histological studies of renal tissues and immunohistochemistry {#s4_4}
--------------------------------------------------------------

Renal tissue samples were prepared by snap-freezing, then fixed with acetone for immunofluorescence (IF) or 10% formalin for hematoxylin and eosin (H&E) and immunohistochemistry (IHC). HE staining, IF and IHC were performed as previously described \[[@R32]--[@R37]\]. Fluorescein isothiocyanate-conjugated goat anti-mouse IgG and C3 (Capple, Durham, NC, USA) were used to incubate with frozen section. For immunohistochemistry, frozen sections were incubated with primary antibodies (anti-mouse CD4, CD8, and F4/80; BD Biosciences), stained with the Vectastain Elite ABC kit (Vector Lab, Burlingame, CA, USA), and developed using DAB (brown precipitate, Vector Lab). Slides were observed using a fluorescence and light microscope (Olympus, Tokyo, Japan).

Flow cytometry {#s4_5}
--------------

Splenocytes were isolated and stained with marker-specific antibodies: allophycocyanin (APC)-conjugated anti-mouse CD4, phycoerythrin (PE)-conjugated anti-mouse CD8, and FITC-conjugated anti-mouse CD19. All monoclonal antibodies were purchased from BD Biosciences (San Jose, CA, USA) or eBioscience (San Diego, CA, USA). The stained cells were analyzed by a FACSCalibur cell sorter and CellQuest software (Becton Dickinson, Franklin Lakes, NJ, USA).

Reactive oxygen species (ROS) detection in the kidney {#s4_6}
-----------------------------------------------------

ROS production was determined with dihydroethidium (DHE; Molecular Probes, Eugene, OR, USA) labeling, as described previously \[[@R32]--[@R37]\]. Briefly, the frozen sections were incubated with DHE in a humidified chamber and the fluorescent images were quantified by counting the percentage of positive cells per kidney cross section.

Terminal deoxynucleotidyl transferase-mediated nick end-labeling (TUNEL) assay {#s4_7}
------------------------------------------------------------------------------

Apoptosis was assessed using TUNEL assay and *In Situ* Cell Death Detection Kit (Roche Molecular Biochemicals, Mannheim, Germany) as previously described \[[@R32]--[@R37]\]. Briefly, renal sections were fixed with 4% paraformaldehyde and washed with PBS. Then, cells were permeabilized with 0.1% Triton X-100, rinsed with PBS, incubated in the TUNEL reaction mixture and finally were observed with a fluorescence photomicroscope (Olympus, Tokyo, Japan).

Statistical analysis {#s4_8}
--------------------

Data are expressed as mean ± standard deviation. The data were analyzed using one-way analysis of variance for multiple comparisons, and the Bonferroni test was used to correct for between-group differences. Significance (p ≤ 0.05) was ascertained using SPSS/PC (SPSS Inc., Chicago, IL, USA).
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